Globally, specific genotypes of Mycobacterium tuberculosis have been shown to dominate in patients, suggesting that these are more successful pathogens. One such genotype, the F15/LAM4/KZN (KZN) family of M. tuberculosis, has predominated in KwaZulu-Natal, South Africa, since the early 1990s. This strain recently evolved from multidrug-resistant to extensively drug-resistant (XDR). The ability of M. tuberculosis strains belonging to the Beijing family, the KZN family, strains with unique DNA fingerprint patterns and laboratory strains (H37Rv and H37Ra) to adhere to and invade a human alveolar (A549) and a human bronchial (BBM) epithelial cell line was investigated. All strains displayed greater adhesion to and invasion of A549 cells as compared to BBM cells. The Beijing and KZN strains combined showed greater adhesion (28 %) than the unique strains (5 %) (P ,0.05). The XDR variant of KZN invaded A549 cells more effectively than the other isolates. These results suggest that the successful spread of the Beijing and KZN strains might be related to their interaction with alveolar epithelium.
INTRODUCTION
South Africa is fifth among the 22 high tuberculosis (TB) burden countries, having incidence and mortality rates of 948 and 230, respectively, per 100 000 population in 2007 (WHO, 2009 ). This may be attributed to the increasing rates of HIV co-infection (CDC, 2008) . Strain-specific molecular markers (Van Embden et al., 1993) have identified TB patients with isolates of M. tuberculosis that share highly similar DNA fingerprint patterns (Van Soolingen et al., 1999; Hawkey et al., 2003) (Table 1) . These dominate in patients in different geographical regions, suggesting that shared fingerprints may be a marker of increased transmission efficacy and might indicate recent transmission (Weis et al., 2002) , while infection with unique DNA fingerprint patterns suggests TB reactivation.
In KwaZulu-Natal, two families of strains dominate: Beijing and F15/LAM4/KZN (KZN). The latter has evolved since the early 1990s into a family of closely related strains accompanied by its progression from a multidrug-resistant to an extensively drug-resistant (XDR) strain (Pillay & Sturm, 2007) . The rapid spread of this strain with concomitant high mortality among HIV-infected patients in the Tugela Ferry region of KwaZulu-Natal province (Gandhi et al., 2006) is suggestive of its increased virulence.
Pulmonary epithelial cells may be the first barrier that the organism faces (Pessolani et al., 2003) , as there is a predominance of epithelial cells in the lung (Crandall & Kim, 1991) . M. tuberculosis has been shown to adhere to, invade, as well as replicate within pulmonary epithelial cells (Bermudez & Goodman, 1996; Bermudez et al., 2002; HallStoodley et al., 2006) . We hypothesized that the effective transmission of the Beijing and KZN strain families results from a greater capacity than strains with unique DNA fingerprints to adhere to and invade the pulmonary epithelial cells.
Abbreviations: TB, tuberculosis; XDR, extensively drug-resistant.
Supplementary information on adhesion to and invasion of cells by individual M. tuberculosis isolates is available with the online version of this paper. Preparation of inocula. Cultures were harvested into 14 ml PBS containing 0.05 % Tween 80 and glass beads (3 mm diameter). The suspensions were vortexed for 5 min, after which larger clumps were allowed to settle for 15 min. To obtain a single cell suspension, the top 6 ml was aspirated 10 times through a 26-gauge needle (Stokes et al., 2004) and passed through a 5 mm Millipore filter. Aliquots of a 10-fold serial dilution of the mycobacterial suspension were plated on Middlebrook 7H11 agar in triplicate to determine the number of c.f.u. per 100 epithelial cells used in the adhesion experiments.
Epithelial cell lines. The human type II alveolar epithelial cell line A549 (ATCC CCL 185) and a human bronchial epithelial cell line, BBM (CRL 9482 -a derivative of BEAS-2B), were used in the adhesion and invasion assays. A549 cells were maintained in Eagle's Minimum Essential Medium (Biowhittaker-Lonza) containing Earle's Balanced Salt Solution and 25 mM HEPES supplemented with 10 % heat-inactivated fetal bovine serum (Gibco, Invitrogen) and 2 mM L-glutamine. BBM cells were maintained in Bronchial Epithelial Basal Medium (Lonza) supplemented with Bronchial Epithelial Growth Medium (Lonza). Cells were maintained following standard tissue culture practice (Bermudez & Goodman, 1996) . After trypsinization, viable cells were seeded onto glass coverslips (12 mm diameter) in a 24-well tissue culture plate at a concentration of 10 5 cells ml 21 and incubated for ±40 h at 37 uC in a 5 % CO 2 atmosphere.
Adhesion assay. Cells were inoculated with the M. tuberculosis suspensions at an m.o.i. of 9-12 bacteria per epithelial cell and incubated at 37 uC in a 5 % CO 2 atmosphere for 1 h. Thereafter, the cells were washed and fixed with 95 % ethanol. The coverslips were mounted on microscope slides using distyrene plasticizer xylene with the infected side facing upward. The slides were left overnight at room temperature and then stained by the Ziehl-Neelsen staining method. The acid-fast bacilli per 100 epithelial cells were counted using light microscopy and the percentage adhesion was calculated using the number of bacteria added per 100 cells as the denominator. A total of 300 epithelial cells were examined in each reported attachment assay. To ascertain that the bacilli do not attach to glass, coverslips without epithelial cells were also inoculated and incubated as described above.
Invasion assay. The method of Bermudez & Goodman (1996) was used with minor modifications. After inoculation with M. tuberculosis suspension at an m.o.i. of 9-12 bacteria per epithelial cell, the cells were incubated at 37 uC in a 5 % CO 2 atmosphere for 2 h. Following this, the cells were incubated for 1 h at 37 uC in 5 % CO 2 in the presence of amikacin (100 mg ml 21 ; Sigma). Medium was removed and inoculated on Middlebrook 7H11 plates to confirm killing of extracellular organisms. The amikacin was removed by washing three times with PBS and the cells were lysed with 0.5 ml 0.1 % Triton X-100 in distilled water for 20 min. The harvest was suspended in 0.5 ml Middlebrook 7H9 broth and plated on Middlebrook 7H11 agar to determine the number of viable internalized organisms.
Statistical analysis. Microsoft Excel as well as Graphpad Instat software were used to determine whether there were significant differences in the adhesion and invasion abilities among the different strains. All comparisons were analysed initially by a one-way analysis of variance (ANOVA) and thereafter by Tukey-Kramer multiple comparisons test. All experiments were performed three times in triplicate for each isolate to assess intra-assay variability. Inter-assay variability was calculated to determine differences among the isolates belonging to the same strain or family.
Ethics approval. The study was approved by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal (reference no. H039/06).
RESULTS AND DISCUSSION
Successful strains of M. tuberculosis such as the Beijing (Glynn et al., 2002) and KZN (Pillay & Sturm, 2007) strains are capable of infecting large numbers of individuals in the same time period and therefore form genotype clusters. We hypothesized that the ability of the Beijing and KZN strains to adhere to and invade pulmonary epithelial cells exceeds that of strains with unique fingerprints, suggesting that they are more effective pathogens since they are better able to colonize the lung. All isolates adhered to and invaded the A549 cells much more effectively than the BBM cells.
Adhesion of M. tuberculosis isolates to the A549 epithelial cell lines
The Beijing and KZN strains combined showed a higher rate of adhesion to the A549 cell line when compared with the unique strains (P ,0.05) (Fig. 1a) . Differences were observed in the rate of adhesion between the two families of strains. The Beijing family adhered more than the XDR-KZN (P ,0.01) and KZN (P ,0.001) families (Table 2 ). The Beijing (P ,0.001), XDR-KZN (P ,0.05), KZN and unique isolates adhered more than the laboratory strains H37Rv and H37Ra (Table 2) . Adhesion of virulent H37Rv was greater than that of the avirulent H37Ra (P ,0.05). No bacteria were observed on the glass coverslips without epithelial cells.
Invasion of the A549 epithelial cells by M. tuberculosis isolates
The Beijing and KZN strains together invaded the A549 cells more than the unique strains (P ,0.05) (Fig. 1b) Differences were observed among the groups of isolates in their ability to invade the A549 cells. The Beijing, XDR-KZN and KZN strains had a higher rate of invasion of A549 cells when compared to the unique strains (P ,0.001) and the laboratory strains H37Rv (P ,0.001) and H37Ra (P ,0.001) ( Table 3 ). The XDR-KZN strains had the highest invasion rate, followed by the Beijing strains and the KZN strains (Table 3) . No growth was observed on the Middlebrook 7H11 agar plates that were inoculated with the discarded media, confirming that only internalized bacilli were reported.
The coefficient of variation (CV) was low for the intraassay variability for all the isolates in both the adhesion and Invasion after 2 h. B, Beijing isolates; K, F15/LAM4/KZN isolates; U, isolates with unique DNA fingerprint patterns; H37Rv, virulent laboratory strain (ATCC 27294 positive control); H37Ra, avirulent laboratory strain (ATCC 25177 negative control). **, P ,0.001, *, P ,0.01 when compared to H37Rv; 33, P ,0.001, 3, P ,0.01 when compared to H37Ra; 44, P ,0.001, 4, P ,0.01 when compared to U. invasion assays, while for the inter-assay variability the CV values of the three runs were close for each isolate (Supplementary Tables S1-S4 in JMM Online).
Although there is no consensus on the most appropriate method for enumerating attached bacilli and light microscopy may not be the optimal mechanism to quantify adhered bacteria, experiments were done three times in triplicate and the standard deviation was within an acceptable range (Supplementary Tables S1 and S2 ). The light microscopy could not differentiate between those bacteria that had invaded and those that adhered extracellularly. However, bacteria that invaded had first adhered to the epithelial cells.
The observation that adhesion and invasion of the avirulent H37Ra was minimal while adhesion and invasion of the virulent H37Rv was similar to that of some of the unique isolates suggests that these assays do reflect mycobacterial virulence. Once inhaled bacilli reach the alveoli, they interact with the alveolar macrophages as well as the epithelial cells lining the alveoli (Reddy & Hayworth, 2002) . The infective dose is thought to be less than five bacilli (Small & Fujiwara, 2001) . While the role of the alveolar macrophages in the pathogenesis of TB has been extensively studied (Velasco-Velazquez et al., 2003; Aoki et al., 2004; Nguyen & Pieters, 2005; Xue et al., 2007) , less attention has been paid to the interaction of M. tuberculosis with epithelial cells (Reddy & Hayworth, 2002; McDonough & Kress, 1995) . Since there are only a small number of alveolar macrophages (between 50 and 100) but large numbers of epithelial cells (28 000 type I and 1400 type II) present in the alveolar space (Crandall & Kim, 1991) , the bacilli have a greater chance of encountering an epithelial cell than a macrophage (Bermudez et al., 2002) . In addition, the chances of survival are much higher within epithelial cells than in the potential killing environment within the macrophage. Since invasion of non-professional phagocytes is usually microbe-initiated, the study of such interactions provides useful models to determine microbial determinants of infection (Glynn et al., 2002) .
Our finding that all 17 M. tuberculosis isolates used in this study adhered to and invaded the alveolar cells (A549) more effectively than the bronchial cells (BBM) might be explained by the observation that bronchial epithelium resists infection by M. tuberculosis (Schluger & Rom, 1998) , and that the organism needs to be inhaled right into the alveoli for infection to occur (Small & Fujiwara, 2001 ).
Since bacterial adhesion to host cell surfaces is specific, our results suggest that M. tuberculosis possesses adhesins that interact with receptors present on the alveolar epithelial cell (Kohwiwattanagun et al., 2007) .
The higher percentage of adhesion observed amongst the Beijing and KZN isolates as compared to the unique and the type culture strains indicates that these strains have an increased capacity to colonize the alveoli. Two of the unique isolates with greater adhesion and invasion rates than some of the Beijing and KZN strains could have been involved in an undetected chain of transmission.
However, it is also possible that the lack of correlation between the relative adhesion and invasion levels and the variation between isolates result from multiple pathways of adhesion. These may include pili, recently described by Alteri et al. (2007) , as well as different surface proteins (Reddy & Hayworth, 2002 ) that use different cell surface receptors. In addition, invasion may be independent of adhesion (Garcia-Perez et al., 2003) .
Our findings suggest that the higher adhesion to and invasion capacity of alveolar epithelial cells may contribute to the successful spread of the Beijing and KZN families of M. tuberculosis.
